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Abstract 
Ultrathin two-dimensional ZnO nanosheets (NSs) with thicknesses of just a few nanometers 
have been fabricated by a solvothermal method. The very large surface area to volume ratio 
of this material translates into outstanding electrical sensing responses to ethanol (as high 
as S 97 to 200 ppm of ethanol at a working temperature of 320oC). Decorating these ZnO 
NSs with CuO nanoparticles (NPs), by pulsed laser ablation of a CuO target at room 
temperature and then post-annealing at 400oC, yields CuO-ZnO NSs that display a further 
up to 2-fold enhanced response to ethanol vapour, reduced sensor response and recovery 
times, high sensing repeatability and high selectivity. Mechanisms underpinning the 
enhanced sensing properties of the CuO-ZnO NSs are discussed in terms of CuO NP-
induced p-n junction depletion regions and increases in the density of active sites for 
ethanol adsorption and for reaction with adsorbed oxygen species.  
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1. Introduction 
The enormous market demands for gas sensors in labour safety, environmental protection, medical 
treatment and related areas have stimulated huge interest in the development of high performance 
sensing materials. ZnO nanomaterials are among the most popular electrical and optical gas sensing 
materials, and continue to attract much attention as a result of their well-demonstrated high 
sensitivity (reflecting their large surface area, surface activity, and excellent electrical and 
luminescence properties), coupled with their low cost and simple and controllable fabrication [1‒
6]. A range of strategies have been applied to ZnO and ZnO-based nanomaterials in an effort to 
enhance the gas sensing response (sensitivity), selectivity and repeatability, and to reduce the 
response and recovery times, including morphology control, doping, surface modification and 
decoration [7‒12]. Of particular relevance to the present work, CuO decoration has been shown to 
substantially improve the gas sensing properties of pure ZnO nanomaterials, as exemplified by 
studies using CuO-ZnO nanorods [13,14], nanocorals [15], composite nanowires [16], ZnO 
nanostructured composites [17] and hierarchical nanostructures [18]. However, the typical size of 
these ZnO nanostructures is of the order of a 100 nm or more, and their comparatively small surface 
area to volume (S/V) ratio must limit their sensing properties. 
Two-dimensional (2-D) ZnO nanosheets (NSs) have shown much promise in gas sensing 
applications, with a range of successfully-fabricated products reported, e.g. pure ZnO NSs [19‒21], 
Fe-doped ZnO NSs [22], Ag nanoparticle (NP)-decorated ZnO NSs [23], Pd NP-decorated NSs 
[24], Au-functionalized ZnO NSs [25], NiO-modified ZnO NSs [26], graphene oxide/ZnO NS 
nanocomposites [27], etc. The thickness of the ZnO NSs in these prior studies is typically 10‒50 
nm or even larger, however. Since a large S/V ratio is likely to be one of the key factors determining 
the sensing performance, there is obvious interest in exploring the extent to which the use of 
ultrathin ZnO NSs (with much reduced thickness and higher S/V ratios) can further enhance the gas 
sensing capability.  
Here we report the design and fabrication of ultrathin 2-D ZnO NSs, their subsequent 
decoration with CuO NPs, and demonstrate the sensing properties of both materials to a number of 
different gases, including ethanol, towards which both the pristine ZnO NS samples and the CuO-
ZnO NS samples show a high sensing response. Decoration with CuO NPs is shown to boost the 
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sensing response by as much as a factor of 2 (relative to that of the pristine ZnO NSs), and to reduce 
the response and recovery times. The underlying sensing mechanisms are discussed accordingly. 
2. Experimental 
2.1 Sample preparation 
The following chemicals were used in preparing the ZnO NSs: polyethylene oxide-
polypropylene oxide-polyethylene oxide (PEO20-PPO70-PEO20, Pluronic P123, Sigma-
Aldrich), ethylene glycol (EG, 98%, Sigma-Aldrich), ZnAc2∙2H2O (99%, Aladdin), 
hexamethylenetetramine (HMTA, 99%, Aladdin), and ethanol (99.5%, Aladdin).  
The ZnO NSs were synthesized by a facile solvothermal method reported previously 
[28]. Briefly, Pluronic P123 (0.4 g) was added to a mixture of ethanol (6.0 g) and H2O (0.9 
g) to form a transparent solution upon magnetic stirring for 15 min, followed by the addition 
of ZnAc2∙2H2O (0.20 g) and HMTA (0.09 g). After stirring for another 15 min, 92.0 mL EG 
was added to the solution under stirring for 30 min. Following a static 7-day ageing process 
at room temperature (RT), the solution was divided equally and transferred into two 100 mL 
autoclaves. The sealed autoclaves were maintained at 110oC for 15 h, and the solutions then 
allowed to cool to RT. The ZnO NSs were obtained via three centrifugation/washing (with 
distilled water and ethanol) cycles. For the subsequent gas sensing measurements, or for 
decorating with CuO NPs, an aqueous slurry containing the ZnO NSs was pasted on 
commercial Ag-Pd interdigitated electrodes (Elite Tech) and then dried in a vacuum oven at 
RT.  
CuO NP decoration of the ZnO NSs was achieved by pulsed laser ablation of a CuO 
ceramic target (99.99%, KAI-STAR Electo-Optic Material). Briefly, a KrF excimer laser 
(Lambda-Physik COMPex 205, λ = 248 nm, pulse duration = 25 ns, repetition rate = 5 Hz, 
and energy = 20 mJ pulse-1) was focused onto the surface of a rotating CuO target with an 
illuminated area of 1.3 mm2 and incident fluence, F 1.5 J cm-2. The deposition was 
performed with a target-substrate distance d 40 mm in a low background pressure of oxygen 
(p ∼20 Pa) at RT. To ensure formation of CuO NPs, as well as to improve their gas sensing 
stability and recoverability, a post-annealing treatment in air at 400oC for 1 h was applied to 
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all samples (i.e. both the pristine and CuO NP decorated ZnO NS samples) before gas sensing 
measurements. 
2.2 Characterization 
The obtained samples were characterized by field emission scanning electron microscopy 
(FESEM, FEI, Quanta 200F), high-resolution transmission electron microscopy (HRTEM, 
FEI, Tecnai-G2-F30), atomic force microscopy (AFM, Asylum research, Cypher ES), X-ray 
diffraction (XRD, PANalytical, X’Pert Pro, with Cu Kα radiation), X-ray photoelectron 
spectroscopy (XPS,ESCALAB,250Xi), and spectrofluorometry (Horiba, Fluoromax-4, 325 
nm excitation). 
2.3 Gas sensing measurement 
The sensing properties of the samples to ethanol and six other gases: methanol, ammonia, 
benzene, toluene, cyclohexane and tetrahydrofuran) were measured at a working temperature 
(Tw) of 320oC using a commercially-available intelligent gas-sensing analysis system (Elite 
Tech, CGS-1TP) with an 18 L test chamber [29]. In all cases, the target gas was introduced 
into the chamber by injecting the appropriate liquid into a heated (200oC) quartz 
evaporating dish located inside the test chamber. The liquid evaporated immediately afte r 
injection and two fans in the test chamber ensured rapid and homogeneous mixing of the 
resulting vapor with air. After the resistance of the sensor reached an equilibrium value, the 
test chamber was opened and the sensor exposed to fresh air. The sensing response of the 
gas sensor is defined as S = Ra / Rg, where Ra and Rg are the resistance of the sensor in air 
and in the target gas, respectively. Two other important sensor characteristics are the 
response (tres) and recovery (trec) times, which are here defined as the times required for the 
sensor resistance to change from, respectively, Ra to Ra  0.9(RaRg) and from Rg to 
Rg + 0.9(RaRg). 
 
3. Results and Discussion 
3.1. Structure and morphology analysis 
SEM and TEM analysis confirmed the typical 2-D nanosheet morphology of the pristine NS sample, 
and suggested NS thicknesses < 10 nm (Fig. 1a and 1b). To characterize the nanosheet thickness 
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more quantitatively, AFM measurements were performed using a sample prepared by dropping the 
pristine ZnO solution on a bare Si wafer and drying in air. The statistical results revealed an average 
thickness of 4 nm, as illustrated by the example shown in Fig. 1c – which also directly 
demonstrates the nanosheet morphology. XRD patterns were collected also, to examine the 
crystallinity of the sample (Fig. 1d). All diffraction peaks can be indexed to the wurtzite crystal 
structure of ZnO (JCPDS 89-0510), corresponding to (100), (002), (101), (102), (110), (103), (112) 
and (201) planes, respectively. The crystallinity of the NSs was further confirmed by the HRTEM 
image (inset to Fig. 1b), which reveals parallel crystal planes with a measured spacing of ∼0.26 nm, 
characteristic of (002) plane of ZnO.  
The photoluminescence (PL) spectrum of the ZnO NS sample, recorded under 325 nm 
excitation (Fig. A.1), shows a narrow emission peak centered at 376 nm and a broad peak centered 
at 550 nm. These are assigned to ZnO near-band-gap emission and to defect / impurity-related 
emissions, respectively. The small blue shift of the UV emission compared to that seen in the PL 
spectra of many other ZnO nanomaterials [5,30‒33] (which typically peaks in the 380‒390 nm 
range) implies a significant quantum confinement effect induced by the ultrathin (few nanometer) 
thickness of these NSs.   
As described in the Experimental section, ZnO NSs loaded on Ag-Pd electrodes were decorated 
with CuO NPs by pulsed laser deposition (PLD), i.e. by ablating a CuO target at RT, and then 
annealing in air. The amount of deposited CuO could be tuned simply by controlling the deposition 
time. The TEM image of the sample treated by PLD for 12 min (denoted as ‘12-min CuO-ZnO’), 
shown in Fig. 2a, confirms partial coverage of the ZnO NSs by additional NPs. Further HRTEM 
characterization (Fig. 2b) reveals that the NPs are several nanometers in dimension, and exhibit a 
0.25 nm lattice spacing – characteristic of monoclinic CuO (002). Survey XPS analysis of the CuO 
NP decorated ZnO NS sample (Fig. 2c) reveals peaks attributable to Zn, Cu and O only (along with 
a C signal from exposure to the ambient environment). The high resolution XPS spectrum of the 
Cu2p region (Fig. 2d) shows four peaks. Those appearing at 933.6 and 953.6 eV are assigned to 
Cu2p3/2 and Cu2p1/2, respectively, while the 941.6 and 962.2 eV features are the documented shake-
up satellite peaks. High resolution XPS spectra for the Zn2p and O1s regions for the ‘12-min CuO-
ZnO’ NS sample are shown in Fig. A.2. The XPS data demonstrate that the Cu in the sample is in 
the +2 oxidation state [13,34,35], and the HRTEM and XPS results both serve to confirm successful 
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decoration of the ZnO NSs with CuO NPs. 
3.2. Gas sensing performance 
As we now show, the ultrathin pristine ZnO NSs and the CuO-ZnO NSs both show particularly high 
sensing responses to ethanol vapor and, from here on, we largely focus on studies using ethanol as 
the target gas. The standard test involved measuring the time-varying resistance of each sample on 
the interdigitated electrode, at a working temperature Tw = 320oC, as a function of ethanol 
concentration. Fig. 3 shows the time-dependent resistance measured for the pristine ZnO NS, ‘2-
min CuO-ZnO’ NS, ‘6-min CuO-ZnO’ NS and ‘12-min CuO-ZnO’ NS samples upon exposure to 20 
ppm ethanol in air. The pristine ZnO NS sample shows an impressive performance, with a sensing 
response S 7, and response and recovery times of, respectively, tres 6 s and trec 36 s. Decorating 
the ZnO NS sample with CuO NPs leads to an increase in resistance and enhanced sensing 
performance; the S values determined upon exposing the ‘2-min CuO-ZnO’, ‘6-min CuO-ZnO’ and 
‘12-min CuO-ZnO’ NS samples to 20 ppm ethanol were, respectively, 9, 11 and 10. In addition, 
tres and trec were both observed to decrease, to 5 s and 25 s, respectively, for all three CuO-ZnO NS 
samples. 
To investigate the gas sensing properties further, the dynamic response of the pristine ZnO and 
CuO-ZnO samples upon exposure to ethanol was measured at various Tw. Initial studies involving 
the pristine ZnO NS and ‘6-min CuO-ZnO’ NS samples and 20 ppm of ethanol showed S increasing 
steadily once Tw ~200oC and maximizing at Tw = 320oC (Fig. A.3). As Fig. 4 shows, the sensing 
response of all four samples upon exposure to 1‒2000 ppm ethanol at Tw = 320oC increases with 
ethanol concentration, and shows high recoverability. The sensing response of the pristine ZnO NS 
sample at Tw = 320oC was measured as S 97 (to 200 ppm ethanol) rising to S 300 at 2000 ppm 
ethanol. These are among the best ethanol sensing performances yet reported for any pure ZnO 
nanomaterial at a working temperature Tw  350oC (see Table A.1) [6‒8,14,36‒38]. Excitingly, as 
noted above, decorating the ZnO NSs with CuO NPs leads to further significant enhancements in 
the sensing response. As Fig. 4 also shows, the gas sensing properties of the ‘2-min CuO-ZnO’ and 
‘12-min CuO-ZnO’ NS samples were quite similar over a wide range of ethanol concentrations. The 
‘6-min CuO-ZnO’ NS sample exhibited the highest sensing response, e.g. S 130 to 200 ppm and S 
610 when exposed to 2000 ppm ethanol at Tw = 320oC. Figure 5 highlights further favorable 
attributes of these sensors, including the repeatability of the response (Fig. 5a) and the high 
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selectivity to ethanol (and methanol, for which we measure S 57 with the ‘6- min CuO-ZnO’ NS 
sample when exposed to 200 ppm), cf. a range of other gases (ammonia, benzene, toluene, 
cyclohexane and tetrahydrofuran (Fig. 5b)). These data all serve to illustrate the potential of CuO-
ZnO NSs in gas sensing applications. 
3.3. Gas-sensing mechanism 
Gas sensing mechanisms of metal oxides have been studied extensively [8-14,39-41]. Scheme 1 
illustrates a plausible mechanism for the outstanding gas sensing capabilities of the ultrathin ZnO 
NS and CuO-ZnO NS samples. For bare ZnO nanomaterials, several groups have suggested that the 
formation of adsorbed oxygen species like O2−, O− and O2− leads to an electron depletion layer at 
the ZnO surface [6,7,20,24,25,27]. The reaction of ethanol (or other alcohols) with such adsorbed 
oxygen species will then release the trapped electrons back to the ZnO [20,32,37]. On this basis, 
ethanol sensing can be realized by monitoring the change of the electrical conductivity of ZnO. O− 
and O2− ions are the dominant adsorbed oxygen species on a ZnO surface at temperatures ~300°C 
[23,27,42], so the electrical sensing of ethanol by ZnO NS samples at TW = 320°C can be expressed 
by the following reactions:  
C2H5OH + 6O(ad) → 2CO2 + 3H2O + 6e                                       (1) 
C2H5OH + 6O2(ad) → 2CO2 + 3H2O + 12e                                     (2) 
The response of a metal oxide semiconductor gas sensor to changes in gas concentration 
is widely described using an empirical formula of the form:  
      S = αCβ + 1                                      (3) 
or  
       log (S − 1) = βlog (C) + log α,                              (4) 
where α is a prefactor, β is the response order that depends on the charge state of the reactive surface 
species, and C is the concentration of the target gas [21,22]. The value of β is ~0.5 or ~1 when the 
dominant reactive oxygen species is, respectively, O2− and O− [9].  
The responses of the pristine ZnO, ‘2-min CuO-ZnO’, ‘6-min CuO-ZnO’, and ‘12-min CuO-
ZnO’ NS samples to changes in ethanol concentration at Tw = 320◦C are all quite similar (Fig. A.4a). 
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Consider the ‘6-min CuO-ZnO’ sample, for example. The log (S − 1) vs log (C) plot shows two 
distinct linear regions, characterized by slopes of, respectively, β = 0.99 at low C (C < 20 ppm) and 
β = 0.69 across the range 50  C  2000 ppm (Fig. A.4b). Surface O− species are reported to be 
more reactive than O2− [43]. On that basis, the obtained β values can be rationally explained by 
assuming that O− surface species dominate the reaction with ethanol at the lowest C (β ~1) and that 
O2− species also play an important role in the reactions with ethanol once C > 50 ppm. That the 
pristine ZnO and the CuO-ZnO samples display similar response dependences to changes in ethanol 
concentration implies that CuO NP decoration (at least as implemented in the present work) does 
not substantially change the nature of the reactive surface oxygen species.  
The large S/V ratios of the ultrathin ZnO NS samples reported in this study result in more 
surface sites for ethanol adsorption, thereby explaining the good sensing characteristics. The PL 
intensity from the ZnO NSs is reduced (~2-fold) after 6-min decoration with CuO NPs, but neither 
the UV near band edge feature nor the defect/impurity-related visible emission shows any 
discernible spectra shift upon CuO decoration (Fig. A.1), suggesting that the O-related surface 
defects of the ZnO NSs are barely altered by the presence of the CuO. The further boost in sensing 
response achieved by decorating the ZnO NSs with CuO NPs can be attributed to two factors: (i) 
The increase in the number of active sites for ethanol adsorption and subsequent chemical reactions 
that results from accommodating CuO NPs on a flat ZnO NS. We also note previous suggestions 
[13,17] that a CuO-decorated ZnO sample supports more active sites and more chemisorbed oxygen 
species than pristine ZnO which, if correct, could further facilitate ethanol adsorption and the related 
chemical reactions. The present finding that the ‘6-min CuO-ZnO’ NS sample affords the best 
sensing performance would be consistent with a model where the ‘2-min CuO-ZnO’ NS sample is 
(relatively) deficient in CuO NPs, whereas the ‘12-min CuO-ZnO’ NS sample is overloaded and the 
extent of the CuO over-coating has depressed the sensing performance of the ZnO NS sample. (ii) 
The introduction of p-n junction depletion regions [10,13‒18,44]. Since pure ZnO and CuO are 
typical n- and p-type semiconductors, respectively, the presence of the CuO NPs will give rise to 
localized p-n junction depletion regions within the samples. Release of electrons by reactions (1) 
and (2) to the ZnO and/or CuO domains would reduce these depletion regions and enhance the 
sensing response.  
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We end by highlighting the good linear relationship between log (S  1) and log (C) at ethanol 
concentrations C < 20 ppm and, by implication, note that the detection limit for ethanol with both 
the pristine ZnO and the CuO-ZnO samples could extend to the ppb-level. The present work clearly 
represents another step along the way to optimizing the gas sensing properties of ultrathin ZnO NSs 
by controlled surface decoration. 
4. Conclusions 
Ultrathin ZnO NSs with thicknesses of just a few nanometers were fabricated by a 
hydrothermal method and then decorated with CuO NPs. The pristine ZnO NSs showed a 
high ethanol sensing response (S 97 and 300 to 200 ppm and 2000 ppm ethanol, 
respectively, at a working temperature Tw = 320oC). Decorating these ZnO NSs with CuO 
leads to further improvements in performance, with a significantly enhanced sensing 
response and reduced response and recovery times. By way of illustration, the optimized ‘6-
min CuO-ZnO’ NSs exhibited sensing responses as high as S 130 and 610 to 200 ppm and 
2000 ppm ethanol, at the same Tw (320oC). These sensors also display high sensing 
selectivity to ethanol (a representative alcohol) and a very good repeatability of response. 
The impressive sensing characteristics are attributed to the very large surface area to volume 
ratio of the ultrathin ZnO NS base material, that are further boosted in the case of the CuO-
ZnO NSs by the introduction of p-n junction depletion regions and an increase in the density 
of active sites for ethanol adsorption and reaction upon decoration with the CuO NPs.  
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Figure captions 
 
Fig. 1. (a) SEM image, (b) TEM image, (c) AFM image and (d) XRD pattern of the pristine ZnO 
NSs. The height profile in the inset in (c) was measured by scanning along the red line, starting from 
the blue dot. The inset of (b) shows a HRTEM image of the sample. 
 
Fig. 2. (a) TEM image, (b) HRTEM image, (c) XPS survey spectrum, and (d) high-resolution XPS 
spectrum of the Cu2p region for the ‘12-min CuO-ZnO’ NS sample. 
 
Fig. 3. Dynamic resistance of the pristine ZnO, ‘2-min CuO-ZnO’, ‘6-min CuO-ZnO’ and ‘12-min 
CuO-ZnO’ NS samples exposed to 20 ppm ethanol at Tw of 320 oC. 
 
Fig. 4. Response and recovery curves of the pristine ZnO, ‘2-min CuO-ZnO’, ‘6-min CuO-ZnO’, 
and ‘12-min CuO-ZnO’ NS samples upon exposure to 1–2000 ppm ethanol at Tw = 320 oC. The 
inset shows the responses to 1–20 ppm ethanol on an expanded vertical scale. 
 
Fig. 5. (a) Response of the ‘6-min CuO-ZnO’ NS sample to repeat on–off exposures to 20 ppm of 
ethanol at Tw = 320 oC, demonstrating the high repeatability of the sensing. (b) Response of the ‘6-
min CuO-ZnO’ NS sample to 200 ppm of ethanol and six other gases at Tw = 320 oC. 
 
Scheme 1. Schematic illustration of the ethanol sensing mechanisms of pristine ZnO NS samples 
(top) and CuO-ZnO NS samples (below). 
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